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Introduction 


Strain-gauge balances for use in wind tunnels have been designed at Langley Research Center (LaRC) 
since its inception. Currently Langley has more than 300 balances available for its researchers. A force 
balance is inherently a critically stressed component due to the requirements of measurement sensitivity. 
The strain-gauge balances have been used in Langley’s wind tunnels for a wide variety of aerodynamic 
tests, and the designs encompass a large array of sizes, loads, and environmental effects. There are six 
degrees of freedom that a balance has to measure. The balance’s task to measure these six degrees of 
freedom has introduced challenging work in transducer development technology areas. As the emphasis 
increases on improving aerodynamic performance of all types of aircraft and spacecraft, the demand for 
improved balances is at the forefront. 

Force balance stress analysis and acceptance criteria are under review due to LaRC wind tunnel 
operational safety requirements. This paper presents some of the analyses and research done at LaRC that 
influence structural integrity of the balances. The analyses are helpful in understanding the overall 
behavior of existing balances and can be used in the design of new balances to enhance performance. 
Initially, a maximum load combination was used for a linear structural analysis. When nonlinear effects 
were encountered, the analysis was extended to include nonlinearities using MSC.Nastran™. 

Because most of the balances are designed using Pro/Mechanica®, it is desirable and efficient to use 
Pro/Mechanica® for stress analysis. However, Pro/Mechanica® is limited to linear analysis. Both 
Pro/Mechanica® and MSC.Nastran™ are used for analyses in the present work. The structural integrity 
of balances and the possibility of modifying existing balances to enhance structural integrity are 
investigated. 

Background 

A collection of information on topics that may be applicable to balances used in wind tunnels is given 
here. The topics included are dynamic strength, the effect of rest period on the fatigue life, and residual 
stress. The balances used in wind tunnels experience cyclic loading. The stress-strain curve of some 
metals experiencing dynamic loading differs with the stress-strain curve when static loading is applied. 
The effect of dynamics on the stress-strain curve strength for some materials is shown and discussed. 

Important and possibly applicable to wind tunnel balances is the effect of the rest period on fatigue 
life. The fatigue resistance of a material is usually based on data obtained from an uninterrupted fatigue 
test. The balances are not used uninterrupted until failure; consequently, the influence of rest periods on 
the fatigue life needs to be investigated. Also, the effect of periodic overloading and residual stresses is 
discussed briefly. The results shown here may not be from the same material and/or same condition as the 
wind tunnel balances; however, the discussion gives insight on how these factors may influence the 
structural integrity of the balances. 

High-Strain-Rate Mechanical Response 

The mechanical response of metals under high rates of loading may differ significantly from the corre- 
sponding response within the static regime. Kolsky (ref. 1) shows a comparison between the “dynamic” 
stress-strain curve for annealed bars of aluminum and the “static” stress-strain curve for similar bars 
(fig. 1). The effect of the strain-rate is obvious in this figure. Haddad (ref. 2) also gives this figure in his 
research. 



Figure 2 plots compressive stress-strain curves for the alloy Ti-6% Al-4% from Meyers (ref. 3). For Ti 
alloys, a considerable strain-rate strengthening is observed. Figure 3 shows the stress-strain response for 
commercially pure Ti (from ref. 4). The gradual increase in flow stress as the strain-rate increases is 
obvious. Haddad reports that some metals, such as aluminum and copper, may not show sensitivity to 
both strain-rate and strain-rate history. Other metals, such as steel and titanium, show sensitivity to strain- 
rate only. 

Hopkinson (ref. 5) conducted a series of dynamic experiments on steel and concluded that the dynamic 
strength was at least twice as high as its low-strain-rate strength. It is also known that steel undergoes a 
ductile-to-brittle transition when the strain-rate is increased. Therefore, it is normal to be curious about 
the effect of strain-rate on the strength of materials. 

Increase in Fatigue Life Caused by Rest Periods 

The fatigue resistance of a material is usually based on data derived from an uninterrupted fatigue test. 
In practice, it is rare that loads are applied without any rest period. The condition of the rest period applies 
to balances used in wind tunnels. What then is the effect of the rest period on fatigue endurance? 

In a paper by Miller and Hatter (ref. 6), due to the inclusion of rest periods, an unusual increase in 
fatigue resistance of steel alloys is reported. Based on this test, it is reported that the introduction of rest 
periods always causes an increase in endurance, which approaches a maximum of approximately 
100 percent at a critical value of rest. The total rest period is a more important parameter than either the 
number of rest periods or the position in the lifetime at which rests may be taken. As indicated in figure 4, 
after a rest period of 100 hours, the maximum increase of endurance is about 100 percent. Thereafter, the 
improvement in endurance is reduced, and with a rest period of 200 hours the increase in endurance is 
approximately constant at 33 percent. 

During the rest periods, the specimens are still subject to high residual stresses. The highly deformed 
and still highly stressed zones at crack tips could undergo a relaxation of stress due to dislocation mobil- 
ity. This effect could cause recovery and the crack-tip material to be in a lower cyclic stress-strain state 
after a rest period, with a consequent decrease in crack growth rate and an increase in endurance (ref. 7). 

Overloading and Effects of Residual Stresses 

It is widely recognized that the main factor dominating the initiation and propagation of cracks is 
cyclic plasticity at stress concentrations. More information and references are provided by Watson, 
Hoddinott, and Norman and are available in American Society for Testing and Materials (ASTM), or 
reference 8. The cyclic stress-strain curve for a complex varying load differs from that in a constant 
amplitude test. 

Several investigations have shown preloading and periodic overloading can increase fatigue resistance 
under variable amplitude conditions (ref. 9). His explanation of these results is based on stress interaction 
effects and on the induction of compressive residual stresses near the crack tip. If the overloads were 
compressive, a decrease in life would be expected. Jacoby (ref. 10) reports a life reduction of about 
45 percent. In reference 8, periodic overloads and random fatigue behavior are investigated. This paper 
reports that in the absence of residual stresses, periodic high overstrains make a major contribution to 
fatigue damage. 
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Stress Analysis 


Balance 1621 is typical for Langley Research Center (LaRC) designed balances and was chosen for 
this study due to its traditional high load capacity. Maximum loading occurs when all six components are 
applied simultaneously with their maximum allowables (limit loads). This circumstance normally will not 
occur during wind tunnel testing; however, if it occurs, is the balance capable of handling the loads with 
an acceptable margin of safety? Preliminary analysis using Pro/Mechanica® indicated that this balance 
might experience nonlinearity. It was decided to analyze this balance using MSC.Nastran™ so that a 
nonlinear analysis could be conducted. 

Balance 1621 was modeled and meshed in MSC.Patran™ for analysis in MSC.Nastran™. The model 
from Patran/Nastran is compared with that from Pro/Mechanica®. For a complete analysis, it is necessary 
to consider all the load cases as well as use a dense mesh near all the edges. Because of computer limita- 
tions, it is not possible to have one model with the dense mesh near all edges. In the present study, the 
dense mesh is limited to the surface on the end of the axial sections. 

Four different load combinations are used in the current analysis. Linear analysis is performed for each 
load case. When the stress value is above the linear elastic region, it is necessary to perform a nonlinear 
analysis. Two load combinations, those used here, are examples where stresses are above the linear region 
and require nonlinear analysis. Not all load combinations result in stresses above yield, and two such load 
combinations are also selected for analysis. 

Applied Load 

The limit loads for the balance were obtained from the NASA Balance 1621 (ref. 11) drawing and are 
listed in table 1. The loads are in the coordinate system shown in figure 5. 

Four different load combinations are considered. 


Case 1: 

F x = -500 i 

F y = 1800 j 
F z = -3000 k 

M 0 = 7500 i + 10000 j + 4500 k 

Case 3: 

F x = -500 i 

F y =1800 j 
F z = -3000 k 

M 0 = -7500 i + 10000 j + 4500 k 


Case 2: 

F x = -500 i 

F y = 1800 j 
F z = 3000 k 

M 0 = 7500 i - 10000 j + 4500 k 

Case 4: 

F x = -500 i 

F y = 1800 j 
F z = 3000 k 

M 0 = -7500 i - 10000 j + 4500 k 


The values given are valid when applied at moment center, o. The loads are applied at point p, hence 
transformation is required. The transformation of the loads from moment center (MC) to point p is done 
using equation (1): 


Mp - R po xF + M 0 -4.1 ix^F x +Fy + F z ^ + M 0 


( 1 ) 
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Table 1. Maximum Forces and Moments (Limit Loads) 
for Balance 1621 


Force and moment 
components 

Force (lb) and moment 
(in-lb) values 

Axial, F x 

500 

Side, F y 

1800 

Normal, F z 

3000 

Roll, M x 

7500 

Pitch, M y 

10000 

Yaw, M z 

4500 


Moment components for each case are obtained after substituting into equation (1): 

M p = 7500 i + 22300 j + 11880 k for case 1 

M p = 7500 i - 22300 j + 11880 k for case 2 

M p = -7500 i + 22300 j + 11880 k for case 3 

M p = -7500 i - 22300 j + 11880 k for case 4 

Material Property 

The properties used in the present work for linear stress analysis are from the Teledyne Vasco catalog 
and shown below: 

E = 27550 ksi (Young’s modulus of elasticity) 
v = 0.31 (Poisson’s ratio) 

The stress-strain curve used for nonlinear analysis is obtained from the Department of Defense 
(ref. 12) and is shown in figure 6. 

Modal Analysis 

In order to better understand the structural behavior of this balance and compare models from 
MSC.Patran™ with those from Pro/Engineer®, a modal analysis was performed. The natural frequencies 
and mode shapes were obtained from Pro/Mechanica® and MSC.Nastran™. Single-pass adaptive (SPA) 
analysis was used in obtaining the results from Pro/Mechanica®. The first three frequencies from both 
Pro/Mechanica® and MSC.Nastran™ are given in table 2. 


Table 2. Frequencies From MSC.Nastran™ and Pro/Mechanica® 


Mode 

Frequency, Hz 
Pro/Mechanica® 

Frequency, Hz 
MSC.Nastran™ 

Mode shape 

1 

335.3 

344.42 

Bending about Z-axis 

2 

341.9 

350.65 

Bending about Y-axis 

3 

1066 

1225.5 

Axial 
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The mode shapes obtained from Pro/Mechanica® are shown in figures 7, 8, and 9. The first two 
modes are bending about the Z- and Y-axes, respectively. The third mode is axial, in X direction. Fig- 
ures 10, 11, and 12 are the first three mode shapes of the balance from MSC.Nastran™ results. These 
results follow the same trend as those from Pro/Mechanica®. The first mode is bending about the Z-axis, 
the second mode is bending about the Y-axis, and the third mode is axial. The comparison of the mode 
shapes and frequencies from MSC.Nastran™ with Pro/Mechanica® indicates that the two models are 
similar. 

Linear Analysis 

The present model was generated and meshed using MSC.Patran™. The section of the material where 
the load was applied is not modeled in order to reduce the number of elements. The load is applied at 
point p and transferred to the balance through a rigid element. One load case that produces regions of high 
stress on the balance, load case 1, is used here. This load case has all positive components except axial 
force ( F x ) and normal force (F z ). The components of the load applied at point p are shown in the load 
section. The results are expected to be accurate away from the applied load due to St. Venant’s principle. 

Global Analysis 

Because of computer limitations, the model was meshed using about 200000 elements: all 10-node 
tetrahedral elements, or tetlO. The result of this run is used for global-local analysis. The whole balance is 
first analyzed as a global entity; discarding details does not affect the overall behavior. Local details are 
then analyzed using the results of the global analysis. With this method the detail analysis is done on the 
selected regions. Through detail analysis of selected regions computational time is saved. A three- 
dimensional view of the meshed model used in the present work is shown in figure 13. 

The von Mises stress and principal stresses for the axial section near the applied load are shown in 
figures 14 and 15. Maximum von Mises stress (267 ksi) and principal stress (274 ksi) both occur on the 
axial section. The values shown are for the coarse mesh, and to find more accurate results more elements 
are needed, particularly near the comers. 

Local Analysis of Axial Section 

There are many corners on the balance and, in order to capture the stress gradient, a dense mesh is 
required near these corners. In order to use more elements, and because of computer limitations, the 
global model has to be divided into smaller local sections. A section near the applied load was extracted 
and meshed (fig. 16). The results of the global model were used as the boundary condition for this local 
model. The von Mises and principal stresses are shown in figures 17 and 18. As the results indicate, the 
maximum stress values are above yield stress, indicating that nonlinear analysis is needed. 

Model for Nonlinear Analysis 

Results from the linear analysis indicate that the stress value is above the linear elastic region; hence, 
nonlinear analysis is required. Both geometrical and material nonlinearities are considered here. The 
model used for nonlinear analysis is meshed with 4-node tetrahedral elements, or tet4. The balance is 
meshed with almost 400000 tet4 elements (fig. 19). More elements are used near sharp corners. A dense 
mesh is used near the end of the axial sections (fig. 20). Linear analysis was performed on the balance 
with the new mesh and all four load cases were considered. When the linear analysis indicates a maxi- 
mum stress value below yield stress, nonlinear analysis was not performed. 
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Casel: Loading 

The full model is used for the linear and nonlinear analysis. A local model used in the linear analysis is 
used here again for comparison. 

Global Model 

Results of the analysis for the load combination of case 1 are given subsequently. The full model is 
used and the results from the linear and nonlinear analyses are shown. 

Linear Analysis. Von Mises stress from the linear analysis for the balance is given in figure 21. As the 
figure indicates, the maximum stress occurs at the end of the axial section and is above the ultimate stress. 

Nonlinear Analysis. Von Mises stress from the nonlinear analysis for the balance is given in figure 22. 
As expected, the value of the maximum von Mises stress dropped in comparison with the linear case. 

In order to have an overall view of the stresses everywhere on the balance, figure 23 is plotted and 
illustrates the position versus von Mises stress for all points on the balance. The figure clearly indicates 
that there are high stress regions. The maximum stress values are localized and peak stresses occur at the 
end of the axial sections. It should be noted that the maximum stress value near other corners might 
increase as more dense mesh is used near those corners. However, in the present work, the interest is at 
the end of the axial section. 

Stress values on the +Y and -Y sides of the balance are plotted individually and shown in figures 24 
and 25. As shown, the maximum stress occurs on the -Y side of the balance for this load case. 

Local Model 

The local model of the balance used for the linear analysis is used here again for global-local analysis. 
The local model is meshed with tet4 elements for the nonlinear analysis (fig. 26) and the boundary condi- 
tions are obtained from the linear run. The von Mises and principal stresses for the nonlinear analysis are 
given in figures 27 and 28. The comparison of the linear and the nonlinear runs for the axial section close 
to the applied load is shown in table 3. As expected, stresses obtained from the nonlinear analysis dropped 
in comparison with the linear analysis and are in agreement with the analysis of the global model. 

Table 3. Maximum von Mises and Principal Stresses From Local Model 


Stress 

Linear analysis, ksi 

Nonlinear analysis, ksi 

Von Mises 

351 

287 

Principal 

312 

249 


Case 2: Loading 

Linear Analysis 

The von Mises stress from the linear analysis for the balance is shown in figures 29 and 30. As indi- 
cated, the high stress occurs at the end of the axial section. 
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Nonlinear Analysis 

The von Mises and principal stresses from the nonlinear analysis are shown in figures 31 and 32. As 
expected, the maximum stress value for the von Mises and principal stresses dropped in comparison with 
the linear analysis. 

In order to have an overall view of the stresses everywhere on the balance for this load case, figures 33 
and 34 are plotted. Figure 33 is a plot of the stress for the von Mises, and figure 34 is a plot of the princi- 
pal stress on the balance. 

Cases 3 and 4: Loading 

Results of the analyses for load cases 3 and 4 demonstrate that because the value of stress for both 
cases is below yield, nonlinear analysis was not required. These two load cases are examples of the cases 
that produce stresses below yield. 

Linear Analysis 

Figures 35 and 36 are the von Mises and principal stresses from the linear analysis for load case 3. 
Figures 37 and 38 are the results from load case 4. The von Mises stress from the linear analysis for the 
balance is shown in figure 37, and the principal stress is shown in figure 38. As the figures indicate, the 
stresses are below yield. 

Discussion 

Modal analysis was performed to compare the models from Pro/Engineer® and MSC.Patran™. Linear 
and nonlinear analyses were performed with different load combinations. Four different load combina- 
tions were used and two of the load combinations required nonlinear analysis. Maximum loads were used 
in the present analysis. Maximum loading occurs when all six components are applied simultaneously 
with their maximum allowables, a circumstance that normally does not occur during wind tunnel testing. 
As table 4 indicates, the nonlinear results for the von Mises stresses are below yield. 

Table 4. Linear and Nonlinear Analysis 


Case 

Linear analysis — 
von Mises, ksi 

Linear analysis — 
principal, ksi 

Nonlinear analysis — 
von Mises, ksi 

1 

361 


278 

2 

343 

367 

282 

3 

215 

233 


4 

237 

253 



Design Modification and Analyses of Existing Balance 

In the present section, some of the regions where highly localized stress occurs are modified. Fig- 
ures 39 and 40 show the balance with its coordinate system. Some of the high stress regions of interest are 
numbered and shown in these figures. Locations 1, 2, 3, and 4 are among the regions where maximum 
stresses occur. In order to increase the fillet size at the outer regions of locations 1 through 4, a cut was 
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made followed by a fillet radius of 0.05 in. Figure 41 shows the closeup view before and after modifica- 
tion of the balance at location 4. 

The potential impact of design modifications should be mentioned. Design modifications to existing 
balances such as increased fillet sizes can potentially impact performance. The fillets will decrease bulk- 
head stiffness, which will lead to additional deflection. This additional deflection may lead to a decrease 
in sensitivities and an increase in interactions. Both factors will degrade balance accuracy. 

Results 

In order to investigate the effect of each component of force on the balance, the maximum von Mises 
stress due to each individual component is shown in table 5. Locations 1 through 4 and T-sections are 
monitored for each load component. The table shows von Mises stresses due to F y , M x , and M z at the four 
locations and von Mises stresses at T-sections due to F z and M y . Also, the maximum von Mises stress and 
the location where this maximum occurs is shown in the table. The stress values are given for the model 
before and after modification. 

Table 5. Maximum von Mises Stress Before and After Modification for Each Load Component 


Model 

Location 

Fx 

F y 

F z 

M x 

My 

M z 

Before 

modification, 

ksi 

1, 2, 3, or 4 


71 


240 


160 

T-section 



100 


200 


Maximum value 
[Location of 
maximum stress] 

50 [10] 

86 [11] 

240 [11] 

240 [3] 

250 [11] 

160 [2,3] 

After 

modification, 

ksi 

1, 2, 3, or 4 


51 


200 


120 

T-section 



66 


140 


Maximum value 
[Location of 
maximum stress] 

50 [10] 

70 [11] 

150 [11] 

200 [1] 

160 [11] 

150 [Behind the 
second cut on 
location 3] 


Next, one of the load combinations is considered: -Fx, -Fy, Fz, Mx, -My, and -Mz. The 
Pro/Mechanica® results show that this load combination results in high stress near region 4. As shown in 
table 6, the maximum von Mises stress before modification was 450 ksi and after modification dropped to 
350 ksi. Up to this point the analysis was done using single-pass adaptive (SPA). To obtain more accurate 
results, the analysis was continued using multipass adaptive (MPA). Convergence for local displacement, 
local strain energy, and global rms stress was set to 7 percent. Due to computer limitations, the specified 
convergence was not achieved. The results in table 6 are for the convergence of 10 percent. 

Table 6. Maximum von Mises Stress Before and After Modification for Load 
Combination -F x , -F y , F z , M x , -M y , and -M z With 10-Percent Convergence 


Method 

Before modification, ksi 

After modification, ksi 

SPA 

450 

350 

MPA 

430 

360 


Figures 42 and 43 show the maximum von Mises stresses, using MPA, before and after modification. 
The maximum stress occurs at location 4 for both cases. 
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Enhancing the Structural Integrity of Existing Balance 


In the previous section, the balance was slightly modified and analyzed. The analysis was done using 
Pro/Mechanica®. The balance was also modified in MSC.Patran™ and analyzed using MSC.Nastran™ by 
Karkehabadi (ref. 13). The analyses on the modified balance indicate a reduction of the maximum von 
Mises stress for the load case applied. The result obtained from the modified balance, shown previously, 
is encouraging. Consequently, it was decided to further modify the same balance in order to further 
reduce the maximum stress values near the sharp corners. In the present section, further modifications are 
added to the regions where high stresses occur, and new analyses are performed. 

In the revised model, the fillet sizes of the sharp corners are increased. This modified balance is 
referred to as model B, shown in figure 44. In order to increase the fillet sizes, some material is extracted 
from the balance. The previous modification, shown earlier, is referred to as model A. 

Results 

The maximum von Mises stress due to five individual components is shown in table 7. F x is not 
included because its value is small and does not contribute significantly on the stress near the regions of 
interest. High stress regions, locations 1 through 4 and T-sections, are monitored for each load compo- 
nent. The table shows von Mises stresses due to F y , M x , and M z at locations 1 through 4 and von Mises 
stresses at T-sections due to F z and M y . 

Table 7. Maximum von Mises Stress Before and After Modifications for Five Individual 

Load Components 


Model 

Location 

F y 

F z 

M x 

My 

M z 

Before modification, 
ksi 

1, 2, 3, or 4 

71 


240 


160 

T-section 


100 


200 


After modification A, 
ksi 

1, 2, 3, or 4 

51 


200 


120 

T-section 


66 


140 


After modification B, 
ksi 

1, 2, 3, or 4 

31 


107 


59 

T-section 


46 


98 



One load combination that produces high stresses in regions 1 through 4 is used here, -F x , -F y , F z , 
M x , - M y , and -M z . The Pro/Mechanica® analysis shows that this load combination produces high stress 
near region 4. As shown in table 8, the maximum von Mises stress before modification was 450 ksi, after 
modification it dropped to 350 ksi for model A and 267 ksi for model B. Up to this point the analysis was 
done using SPA. To obtain more accurate results, the analysis was continued using MPA. Convergence 
for local displacement, local strain energy, and global RMS stress was set to 7 percent. Due to computer 
limitations, the specified convergence was not achieved. The results given in table 8 are for the conver- 
gence of 10 percent. 

Figure 42 shows the maximum von Mises stress, using MPA, before modification. Figure 45 shows 
the maximum von Mises stresses for model B. 
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Table 8. Maximum von Mises Stress Before and After Modification for Load Combination 
-F x , -F y , F z , M x , - M y , and -M z on Models A and B 


A K s-\ rL /~v /4 

Before modification, 

After modification, 

After modification, 

Memo a 

ksi 

model A, ksi 

model B, ksi 

SPA 

450 

350 

267 

MPA 

430 

360 

250 


Concluding Remarks 

Based on the studied experiment(s) on steel, the dynamic strength is known to be at least twice its low- 
strain-rate strength. There is a strong possibility that the strength of some balances experiencing cyclic 
loading is greater than the strength derived from a static stress-strain curve. The fatigue resistance of a 
material is usually based on data derived from the uninterrupted fatigue test. Because the balances are not 
used uninterrupted until failure, an increase in the fatigue life is expected. Linear analysis for some load 
combinations indicates stresses above ultimate. Because the stress is above the linear elastic region, a 
nonlinear analysis was performed. The maximum von Mises stress from the nonlinear analysis is in the 
vicinity of the yield stress and it does not satisfy the factor of safety required. Factors affecting the struc- 
tural integrity of the balances, such as dynamic loading, increase in fatigue life caused by rest period, and 
overloading were investigated. Most of these factors help to enhance the structural integrity of the 
balances. 

Not all the balances and not all the load combinations need nonlinear analysis. Pro/Mechanica®, 
MSC.Nastran™, or other finite element software can be used for linear analysis of the existing balances. 
For a complete analysis, all the load cases need to be considered. Having the model in Pro/Engineering® 
makes Pro/Mechanica® a good candidate for stress analysis. If the maximum stress value obtained is 
beyond yield, either a change in the design is needed or the maximum loads allowed need to be reduced. 
The reduction of the force in certain components is practical because, in most cases, the wind tunnel tests 
do not require maximum value of the loads on all components. In some cases, the wind tunnel test may 
require some components above their maximum values whereas the maximum values of the other compo- 
nents are not needed and can be reduced. 

For the balances that will be designed in the future, it is important to consider the factor of safety in 
the design stage. Increasing the size of the fillets helps to relieve some of the high stresses, which occur 
locally. In some locations, such as the end of the axial section, the sharpness on one side can be removed 
by taking the unnecessary sharp comers out. This can be done on the new or existing balances. Doing so 
will reduce the maximum value of stress from those corners with little effect on the overall performance 
of the stmcture. 

In order to reduce the stress value near the sharp corners, the balance was modified. Modifications 
were made to the balance in order to increase the fillet sizes. One load combination that produces high 
stress at location 4 was used. The analysis indicates a lower stress value near the sharp corners after 
modification. Not all of the load combinations were used here. However, the results from the load case 
analyzed indicate that there is a possibility of enhancing the stmctural integrity of balances by modifying 
and increasing fillet size on sharp comers. The potential impact of design modifications should be men- 
tioned. Design modifications to existing balances, such as increased fillet sizes, can increase stmctural 
integrity of balances. 
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Figure 1. Dynamic and static stress-strain curves for annealed aluminum. 
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Figure 2. Effect of strain-rate on stress-strain response (in compression) of Ti-6% Al-4% alloy. 
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Figure 4. Effect of duration of rest periods on fatigue endurance. 
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Figure 5. Balance 1621 with coordinate axis located at moment center. 
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Figure 6. Tensile stress-strain curve at room temperatures for 280 maraging steel bar. 
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Figure 7. First mode shape using results from Pro/Mechanica®, bending about Z-axis. 



Figure 8. Second mode shape using results from Pro/Mechanica®, bending about Y-axis. 
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Figure 9. Third mode shape using results from Pro/Mechanica®, axial. 
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Figure 10. First mode shape using results from MSC.Nastran™, bending about Z-axis. 
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Figure 11. Second mode shape using results from MSC.Nastran™, bending about Y-axis. 
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Figure 12. Third mode shape using results from MSC.Nastran™, axial. 
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Figure 13. A 3-D view of balance modeled and meshed in MSC.Patran™. 
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Figure 14. Von Mises stress for balance, load case 1. 
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Figure 15. Maximum principal stress for balance, load case 1. 



Figure 16. Meshed view of balance section near applied load. 
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Figure 17. Von Mises stress for balance section near applied load. 



Figure 18. Principal stress for balance section near applied load. 
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Figure 19. Meshed balance for nonlinear analysis. 



Figure 20. Closeup view: end of axial section. 
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Figure 21. Von Mises stress for balance from linear analysis, load case 1. 
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Figure 22. Von Mises stress for balance from nonlinear analysis, load case 1. 
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Coordinate 0.1 


Figure 23. Axial position versus von Mises stress for all points on balance, load case 1. 
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Figure 24. Position versus von Mises stress for points located on +Y side of balance, load case 1. 
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Coordinate 0.1 

Figure 25. Position versus von Mises stress for points located on -Y side of balance, load case 1. 



Figure 26. Axial section of balance near applied load. 
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Figure 27. Von Mises stress for balance section near applied load from nonlinear analysis, load case 1. 



Figure 28. Principal stress for balance section near applied load from nonlinear analysis, load case 1. 


25 




Figure 29. Von Mises stress for balance from linear analysis, load case 2. 
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Figure 30. Principal stress for balance from linear analysis, load case 2. 


26 



MSC.Patran 2001 r3 1 7-Od-02 1 4:1 0:50 

Fringe: Case2, FW Linear : 200. % of Load: Nonlinear Stresses, Stress Tensor-(NON-LAYE RED) (VONM) 


n 

H 

105 I 



Figure 31. Von Mises stress for balance from nonlinear analysis, load case 2. 
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Figure 32. Principal stress for balance from nonlinear analysis, load case 2. 
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Coordinate 0. 1 

Figure 33. Position versus von Mises stress for all points on balance, load case 2. 
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Figure 34. Position versus principal stress for all points on balance, load case 2. 
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Figure 35. Von Mises stress for balance from linear analysis, load case 3. 
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Figure 36. Principal stress for balance from linear analysis, load case 3. 


29 




MSC.Patran 2001 r3 1 7-Oct-02 1 4:23:01 

Fringe: Case4, Static Subcase_2: Stress Tensor, -(NON-LAVERED) (VONM) 




Figure 37. Von Mises stress for balance from linear analysis, load case 4. 
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Figure 38. Principal stress for balance from linear analysis, load case 4. 
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Figure 39. Balance 1621 with coordinate system and high stress region locations 1,2, 10, and 11. 



Figure 40. Balance 1621 with coordinate system and high stress region locations 3 and 4. 
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(a) Before modification. 



(b) After modification. 

Figure 41. Closeup view of location 4 on balance 1621, model A. 
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Figure 42. Maximum von Mises stress before modification using MPA. 



Figure 43. Maximum von Mises stress after modification using MPA. 
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Figure 44. Balance 1621 after present modification, model B. Dimension before modification is shown in 
parentheses. 
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Figure 45. Maximum von Mises stress for model B using MPA. 
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